A novel polymerase chain reaction (PCR)-based method was used to identify candidate genes whose expression is altered in cancer cells by ionizing radiation. Transcriptional induction of randomly selected genes in control versus irradiated human HL60 cells was compared. Among several complementary DNA (cDNA) clones recovered by this approach, one cDNA clone (CL68-5) was downregulated in X-irradiated HL60 cells but unaected by 12-O-tetradecanoyl phorbol-13-acetate, forskolin, or cyclosporin-A. DNA sequencing of the CL68-5 cDNA revealed 100% nucleotide sequence homology to the reported human Csa-19 gene. Northern blot analysis of RNA from control and irradiated cells revealed the expression of a single 0.7-kilobase (kb) messenger RNA (mRNA) transcript. This 0.7-kb Csa-19 mRNA transcript was also expressed in a variety of human adult and corresponding fetal normal tissues. Moreover, when the eect of X-or ®ssion neutronirradiation on Csa-19 mRNA was compared in cultured human cells diering in p53 gene status (p537/7 versus p53+/+), downregulation of Csa-19 by X-rays or ®ssion neutrons was similar in p53-wild type and p53-null cell lines. Our results provide the ®rst known example of a radiation-responsive gene in human cancer cells whose expression is not associated with p53, adenylate cyclase or protein kinase C.
Introduction
Rapid alterations in gene expression can occur after cellular exposure to injurious agents, including various types of ionizing radiation (e.g., X-or g-rays, ®ssion and other energy neutrons or heavy ions), u.v. light, phorbol-13-acetate (TPA), heat shock, hydrogen peroxide and hypoxia. More than 50 genes responding to two or more of these agents have been described (Hollander and Fornace, 1989; Holbrook and Fornace, 1991; Weischselbaum et al., 1991; Fornace, 1992; Fuks et al., 1993; Wilson et al., 1993; Schena et al., 1996) . Of these, fewer than ten genes (for example, gadd45, Waf1/Cip1, mdm2, c-abl) respond more to DNAdamaging agents such as ionizing radiation than to non-damaging agents such as TPA. The discovery of radiation-responsive genes provides a starting point for elucidating the molecular processes associated with radiation pathology (Papathanasiou et al., 1991; ElDeiry et al., 1994; Price and Park, 1994; Bae et al., 1995; Yuan et al., 1996) . A detailed understanding of the pleiotropic eects of ionizing radiation will require implementation of sophisticated methods for gene expression analysis and gene discovery.
In several studies, subtractive hybridization and dierential display of messenger RNA (mRNA) have been employed to identify new genes activated by ionizing radiation (Papathanasiou et al., 1991; Jung et al., 1994; Kondratyev et al., 1996; Yan et al., 1996) . One of us recently developed an improved nonbiased polymerase chain reaction (PCR)-based method for the identi®cation of new genes or complementary DNA (cDNA) sequences by random dierential library screening. In this paper, we describe a modi®cation of this method, termed the unbiased twogel cDNA library screening method , and its application to comparing transcriptional pro®les in control versus irradiated cells. Elements of this modi®cation are similar to a recent procedure for isolating individual cDNA clones in mixed phage lifts (Thomas et al., 1994) .
We isolated and characterized a dierentially expressed transcript corresponding to the recently identi®ed gene, Csa-19, previously reported to be downregulated in vivo by chronic treatments with cyclosporin-A and to play a role in mouse embryogenesis and organogenesis (Fisicaro et al., 1995) . Our present experiments identify Csa-19 as a new radiationresponsive gene which is downregulated in cultured human cells by two radiations of dierent quality (Xrays and ®ssion neutrons). Radiation quality refers to dierences in the microscopic spatial distribution of absorbed dose. Compared to photons (X-or g-rays), densely ionizing neutrons have fewer but higher-energy dose deposition events for the same total dose leading to an increased relative biological eectiveness (RBE) of neutrons versus photons. By de®nition, the neutron dose required to produce the same biological eect as a photon dose equals the photon dose divided by the RBE (Hall, 1994) .
In contrast to its responsiveness to ionizing radiation, Csa-19 was unaected by TPA and forskolin and in contradistinction to the previous report (Fisicaro et al., 1995) , also unaected by cyclosporin-A in vitro. Moreover, we demonstrate that in contrast to other radiation-responsive genes (such as for example, gadd45, WAF-1Waf1/Cip1, mdm2), Csa-19 response does not require p53.
Results
Identi®cation of the cDNA encoding Csa-19
As described in Methods, our procedure for monitoring human gene expression involves PCR ampli®cation of insert cDNAs pooled in a 12616 matrix, using primers complementary to vector sequences¯anking the cloning site (Mullis and Faloona, 1987) followed by electrophoresis on exact duplicate agarose gels. The associated duplicate Southern blots are probed with 32 P-labeled cDNA synthesized from mRNAs isolated from control versus irradiated cells, and the autoradiographs compared for dierential expression of the ampli®ed cDNA sequences.
In the current application, this strategy was used to isolate X-irradiation-responsive cDNA clones from the HL60 cell cDNA library. As an initial test of the method, ®ve paired Southern blots were compared. Three paired lanes were identi®ed, each containing a dierentially expressed band. cDNA clones visualized in these lanes were subjected to the second screening procedure (see Methods). Three clones showing dierential expression on re-screening were used to probe Northern blots, which contained total RNA from X-irradiated HL60 cells in one lane, and total RNA from matched control cells in another. One clone, designated CL68-5, showed a markedly reduced expression level in irradiated cells, compared to control cells; this clone was investigated further.
The CL68-5 cDNA clone was found to be 100% homologous to the previously described human Csa-19 gene (Fisicaro et al., 1995) . Three overlapping sequences obtained from our CL68-5 cDNA clone matched exactly the 700 bp GenBank human Csa-19 cDNA (GenBank accession number: U12404). Moreover, the observed 0.7 kb size of both our CL68-5 mRNA ( Figure 1 ) and our CL68-5 cDNA (data not shown) were consistent with the previously reported 0.7 kbp Csa-19 cDNA length (Fisicaro et al., 1995) . We therefore concluded that the CL68-5 clone was identical to the human Csa-19 gene.
Csa-19 is downregulated by X-and ®ssion neutronirradiation in HL60 and MCF7 WT cells Figure 1 shows the expression pattern of Csa-19 mRNA in HL60 cells irradiated with approximate iso-survival doses of X-rays and ®ssion neutrons (the RBE for cell killing by ®ssion neutrons versus X-rays is three; Balcer-Kubiczek et al., 1995) . Densitometric analysis of autoradiographs showed that the levels of Csa-19 mRNA in X-or ®ssion neutron-irradiated HL60 cells decreased about twofold or fourfold, respectively (Table 1) .
To exclude the possibility that the dierential eect of X-rays versus neutrons is restricted to HL60 cells, Csa-19 transcript levels were examined in human breast carcinoma MCF7 WT cells irradiated in the same manner as in experiments using HL60 cells (Table 1) . Again, transcript levels in MCF7 WT cells decreased 2 ± 4-fold 3 h after exposure to all doses of both radiations tested (Figure 1) . Interestingly, the decrease in Csa-19 mRNA in MCF7 WT cells irradiated with 20 Gy of X-rays was similar to that seen in the cells receiving 1.2 Gy of ®ssion neutrons (see Table 1 ). This ®nding suggests an RBE of at least 17 (by the ratio of 20 Gy X-rays to 1.2 Gy ®ssion neutrons; see Table 1) for Csa-19 gene expression. Positive controls for the experiment included two other known ionizing radiation-inducible genes, c-fos and Waf1/Cip1 (Figure 2 ).
Characterization of Csa-19
Distribution in human tissues Multitissue Northern blot analysis demonstrated the presence of Csa-19 mRNA in a variety of normal adult human tissues ( Figures 3a and b) ; comparison between the levels of expression between the fetal brain, lung, liver and kidney ( Figure 3a ) with the corresponding adult tissues Figure 1 Northern blot of RNA isolated from HL60 or MCF7 WT cells following exposure to iso-survival doses of X-rays or ®ssion neutrons. RNA samples were hybridized to 32 P-labeled full length insert from clone CL68-5 (Csa-19 probe). Ethidiumbromide-stained RNA samples following transfer onto the membrane shown as controls for the amounts of RNA loaded in each lane (10 mg/lane) (top). Lanes designated C (0 Gy), X (20 Gy) or N 1 (1.2 Gy), N 2 (7 Gy) contain RNA isolated from control cells or cells irradiated with X-rays or ®ssion neutrons at (dose) after 3 h recovery at 378C Approximate iso-survival doses (®ssion neutrons versus X-rays) (Balcer-Kubiczek et al. 1995) . Gene expression was analysed 3 h following exposure to ionizing radiation. Figure 3b ) revealed a marked 4 ± 7-fold reduction of Csa-19 mRNA in these adult versus fetal tissues. Csa-19 is highly expressed in the adult heart, spleen, thymus, prostate, ovary and leukocytes, and to a lesser extent in the muscle and pancreas, but hardly detectable in the adult brain, placenta or the kidney. Re-hybridization of the same membranes with human b-actin probe con®rmed balance between lanes. Unique 1.8 kb actin transcripts in heart and skeletal muscle are normal for these tissues, as seen in Figure 3b (College and McBurney, 1990; Einat et al., 1990; Tsang et al., 1995) .
Response to TPA, forskolin or cyclosporin-A Figure 4 shows that Csa-19 mRNA levels did not change in HL60 cells after 3 h exposure to TPA or forskolin, while it was clearly reduced 3 h after either X rays or ®ssion neutrons ( Figure 1 and Table 1 ). The relative expression levels of Csa-19 in chemical versus solvent-exposed cells were 1.12 for TPA with a coecient of variance 0.25 (based on ®ve experiments), or 0.96 for forskolin with a coecient of variance 0.10 (based on nine experiments). A similar lack of response for Csa-19 mRNA was seen in MCF7 WT cells in several experiments involving TPA exposure (160 nM for 3 h or 500 nM for 0.5 h). Interestingly, no change in Csa-19 mRNA levels was seen in HL60 following a 2 h exposure to cyclosporin-A at concentrations of 0, 1, 10 or 100 mg/ml ( Figure  5 ). The relative expression of Csa-19 in cyclosporin-A exposed versus solvent-exposed HL60 cells was 1.05 with a coecient of variance 0.15 (based on ®ve experiments). p53 requirement Although HL60 cells are generally considered null for p53 (Wolf and Rotter, 1985) , at least one subclone of these cells has been reported to contain p53 (Hopcia et al., 1996) . Dierences in the endogenous p53 status may contribute to substantial dierences in the intrinsic radiosensitivity of several available subclones of the HL60 cells (Abend et al., 1995; Hopcia et al., 1996; Makepeace et al., 1996) . We con®rmed the lack of endogenous p53 in the clone used in the present study ( Figure 6 ). In contrast, MCF7 WT cells contain p53 ( Figure 6 ); these two alleles are normal, as established by previous loss of heterozygosity and gene mutation studies (Balcer-Kubiczek et al., 1995) . In these two p53+/+ or p537/7 cell lines Csa-19 response to radiation was similar (Figure 1) , while response to the other investigated agents was uniformly negative in both cell lines (Figures 3 and 4) . , 1990; El-Deiry et al., 1994; Bae et al., 1995) .
Discussion
We have described how the application of a two-gel unbiased cDNA library screening method to an appropriate cancer cell model can allow the rapid identi®cation of genes associated with radiation response. As demonstrated, practical advantages of this method are the ability to con®rm dierential expression by Northern blotting, the capability to detect low-copy-number transcripts, and the immediate availability of full-length cDNA clones for further analysis and sequencing. We report that three of approximately 1000 transcripts were dierentially expressed between control and irradiated HL60 cells.
The focus of this paper is a transcript identi®ed as encoding the human Csa-19 gene. The corresponding cDNA was identi®ed by its nucleotide sequence and database comparison, whereas Csa-19 mRNA was identi®ed by transcript size and expression pattern in various human tissues. Excluding the heart, our results concerning localization of Csa-19 mRNA ( Figure 3b ) were similar to those that reported by Fisicaro et al. (1995) . Since these authors studied Csa-19 expression levels in mouse tissues, the dierence in abundance of Csa-19 mRNA in the human versus the mouse heart could be attributable to dierences between the two species. Our data concerning fetal versus adult brain, lung, liver and kidney support the previous conclusion that Csa-19 becomes downregulated in many cell types during development (Fisicaro et al., 1995) . The biological signi®cance of high levels of Csa-19 expression in the adult spleen, thymus, prostate, intestine and leukocytes in unclear. However, abundance of Csa-19 mRNA in these tissues as well as in HL60 and MCF7 WT cells can be explained by a long half-life of Csa-19 mRNA. The Csa-19 cDNA sequence published by Fisicaro and co-workers indicates that Csa-19 mRNA is unusually lacking in poly-uridine adenosine (U n A, where n43) stretches within its 3' non-coding region; the absence of a U n A motif may protect the mRNA from degradation and result in a slower turnover of such mRNAs (Wreschner and Rechavi, 1988; Lewin, 1994) . It is also interesting to note that transient expression of several X-ray-inducible genes may be at least in part regulated by U n A-sequences: examples include the U n Arich genes c-fos, c-jun, gadd45, Waf1/Cip1 and IEX-1. In the case of these genes, increased levels of mRNA observed following X-or g-irradiation may have resulted from stabilization of the transcript (Hollander and Fornace, 1989; Sherman et al., 1990; Papathanasiou et al., 1991; Wilson et al., 1993; Bae et al., 1995; Kondratyev et al., 1996) . For example, the half-life of c-jun mRNA increased to 1 h after 20 Gy of X-ray exposure in experiments using HL60 cells reported by Sherman and co-workers (1990) .
Our experiments with TPA, forskolin and cyclosporin-A provide additional insights into the mechanism of downregulation of Csa-19 by ionizing radiation. Because TPA and forskolin did not signi®cantly alter Csa-19 levels in unirradiated cells, we conclude that downregulation of Csa-19 by X-rays or ®ssion neutrons is unlikely to be mediated by protein kinase C (PKC) and protein kinase A (PKA) (Cohen, 1985; Nishizuka, 1986; Imagawa et al., 1987; Chiu et al., 1987) . Moreover, TPA treatments used in the present work apparently activated PKC, since levels of the PKC-inducible genes c-fos and c-myc increased in concurrent HL60 or MCF7 WT cell samples (BalcerKubiczek et al., 1996; Harrison et al., 1997) . Several other PKC-independent genes have been shown to be induced by X-or g-irradiation but not by TPA (Papathanasiou et al., 1991; Kondratyev et al., 1996) . On the other hand, forskolin activates cyclic adenosine monophosphate (cAMP)-dependent PKA but not PKC Chiu et al., 1987) . Therefore, Csa-19 expression appears to be independent of two major signal transduction pathways, one mediated by cAMP, the other by PKC.
Our observed Csa-19 insensitivity to cyclosporin-A appears to be at variance with the results reported by Fisicaro et al. (1995) , obtained after chronic in vivo treatments in mice. This discrepancy could be due to dierences in treatment conditions (brief versus chronic exposure), speci®c tissue and species origin (human breast cancer or leukemia cells versus normal rodent thymus), developmental stage (adult versus neonatal), or in vivo versus in vitro environments (Emmel et al., 1989; Rao, 1995) . The original study by Fisicaro et al., focused on the role of Csa-19 in immunosuppression by cyclosporin-A. However, this drug is known to produce eects other than immunosuppression (Hultsch et al., 1990; Starzl, 1991; Yadanbakhsh et al., 1995) . The predicted amino acid sequence data of Csa-19 does not bear signi®cant homology to known proteins (Fisicaro et al., 1995) . Therefore, it is dicult to propose a speci®c function for this gene.
Finally, our study demonstrated a lack of association between p53 status and a decrease in Csa-19 mRNA induced by X-or ®ssion neutron irradiation, since this decrease was similar for p53+/+ and p537/ 7 cells (Figure 1) .
In summary, only X-rays and ®ssion neutrons aected Csa-19 expression. The observation that the RBE for gene expression greatly exceeds that for cytotoxicity is consistent with an enhanced Csa-19 sensitivity to the densely clustered lesions produced by neutrons, and suggests that Csa-19 expression could be a dierential marker for damage from densely-ionizing radiation.
Our results provide evidence for the classi®cation of Csa-19 as a new radiation-responsive gene in human cells, probably not associated with p53, adenylate cyclase or protein kinase C.
Materials and methods

Dierential two-gel screening assay
An HL60 Lambda Zap 1 II cDNA library and Escherichia coli XL-1 Blue MRF' bacterial host were obtained from Stratagene (La Jolla, CA). Insert sizes were 0.3 to 1.0 kbp. For dierential screening, the cDNA library was plated out at a low density of three to four plaques per cm 2 following the manufacturer's protocol. Plaques were then picked at random from the plates. Each of the randomly picked plaques was suspended in 200 ml of phage dilution buer (Maniatis et al., 1982) in a sterile 500 ml microcentrifuge tube, individually coded and stored at 48C for later use. The released cDNA was used as template for PCR.
For the primary screen, randomly selected cDNA inserts were pooled, so that each pool contained 12 cDNA clones from 12 individually coded vials. Forty microliters of each cDNA pool were used per PCR reaction. A 100 ml PCR reaction mixture contained 1X PCR buer; 1.5 mM MgCl 2 ; 0.2 mM T3 primer (5'-AAT TAA CCC TCA CTA AAG GG-3'); 0.2 mM of T7 primer (5'-GTA ATA CGA CTC ACT A-TA GGC-3') (Biopolymer Laboratory, University of Maryland School of Medicine, Baltimore, MD); 200 mM each of dCTP, dGTP, dATP and dTTP; 5 units Taq DNA polymerase (GIBCO BRL/Life Technologies, Gaithersburg, MD). Using a Robocycler PCR system (Stratagene, La Jolla, CA), 25 cycles of PCR were performed, consisting of 1 min at 948C, 1 min at 508C and 3 min at 728C. Two exact duplicate gels were prepared, each to analyse 16 duplicate pooled cDNA samples.
To construct duplicate Southern blots, samples were prepared from each reaction. Each sample containing 60 ml of PCR products, 20 ml water and 8 ml 10X loading buer was split precisely in half. Each half of the sample was electrophoresed in one of 16 lanes, thus, in a typical primary screening procedure, each gel contained 192 PCR-ampli®ed cDNA inserts from the phage library, 12 per lane. Each gel was then blotted onto a Hybond TM -N 0.45 mm membrane (Amersham Corporation, Arlington Heights, IL). Air-dried membranes were crosslinked by u.v. irradiation to immobilize the DNA using a u.v. Stratalinker (Stratagene, La Jolla, CA) on automatic setting. Membrane from each gel was probed with random-primer labeled cDNA synthesized from mRNA populations, as described below, washed as described (BalcerKubiczek et al., 1996) , and exposed to X-Omat Kodak Scienti®c Imaging ®lm (Eastman Kodak, Rochester, NY) with an intensifying screen at 7708C overnight.
Corresponding bands on irradiated versus control membranes showing clearly dierent hybridization signal intensities were presumed to be representative of dierentially expressed genes. These bands were isolated by amplifying separately each of the 12 cDNA inserts that were originally electrophoresed in the same lane showing the dierentially expressed band(s). Re-screening procedures were identical to those in the primary screening; this time, however, instead of electrophoresing all 12 cDNAs in the same lane, each product was electrophoresed in its own unique lane. Hybridization was carried out as described above in the primary screening step.
Cell lines and treatment of cells
Human premyeloid leukemia HL60 cells (Collins et al., 1977; Rovera et al., 1979) were maintained in RPMI 1640 medium containing 10% fetal bovine serum (FBS). Human breast MCF7 WT cells were grown in IMEM zinc-option medium containing 10% FBS. Other cell culture materials and methods were as described (Balcer-Kubiczek et al., 1995 . Experiments with HL60 or MCF7 WT cells used 10 6 cells/ml or 4610 5 cells/cm 2 , respectively. Radiation sources and doses delivered are summarized in Table  1 . The experimental arrangement, the Armed Forces Radiobiology Research Institute (AFRRI; Bethesda, MD) ®ssion neutron source, and dosimetry have been described previously (Balcer-Kubiczek et al., 1995) . Surviving fraction after photon-or neutron-doses was determined using a standard in vitro clonogenic assay. The dierential screening began with 20 Gy X-irradiation of HL60 cells followed by incubation at 378C for 3 h before RNA extraction.
Chemical treatments were performed at 378C. Forskolin and cyclosporin-A were obtained from Sigma (St Louis, MO). TPA was from Chemsyn Science Laboratories (Lenexa, KS). Solvents were: for forskolin, dimethyl sulfoxide (Sigma, St Louis, MO); for cyclosporin-A, ethyl alcohol (Warner Graham Company, Cockeysville, MD); for TPA, acetone (Sigma, St Louis, MO).
Single-stranded cDNA probe preparation Total RNA was extracted from matched control and irradiated pairs by a modi®cation of the single-step acid guanidinium thiocyanate-phenol-chloroform extraction method (Chomczynski and Sacchi, 1987) , as described (Balcer-Kubiczek et al., 1996) . Messenger RNA was isolated by passing the total RNA through a Poly(A) + Quik 1 push column (Stratagene, La Jolla, CA). Each single-stranded cDNA for dierential screening was synthesized from mRNA using a reverse transcriptase system (SuperScript TM RNase H Reverse Transcriptase kit, GIBCO BRL/Life Technologies, Gaithersburg, MD). Each cDNA was converted into a random-primed 32 Plabeled cDNA probe by standard means (Feinberg and Vogelstein, 1984) .
Northern blot analysis
To con®rm dierential expression to further and characterize dierentially expressed genes, 10 mg RNA samples from control or irradiated cells were size-fractionated by electrophoresis in 1% agarose-formaldehyde gels and transferred to nylon membranes. Membranes were hybridized with a single random primer-labeled probe prepared from a dierentially-expressed cDNA. Other probes used in Northern analysis were the clone-pc-fos-1 containing a 9 kb fragment of the human c-fos inserted into the pBR322 vector (American Type Culture Collection, Rockville, MD) and a 2.1 kb Waf1/Cip1 cDNA (the clone pZL-WAF-1) kindly provided by Dr Bert Vogelstein (Johns Hopkins University, Baltimore, MD).
For additional characterization of dierentially expressed genes, membranes containing multiple poly(A) + mRNAs from numerous human fetal or adult tissues were purchased from Clontech (Palo Alto, CA) and hybridized to differentially expressed cDNAs according to the protocol recommended by the manufacturer. The presence of equivalent amounts of RNA in each lane was con®rmed by rehybridization with the human b-actin cDNA probe (Clontech, Palo Alto, CA).
Semi-quantitative analyses of Northern blots were performed using Intelligent Quanti®er TM software (BioImage, Ann Arbor, MI). Fold change was calculated as a ratio of irradiated-to-control signal intensity. Means of replicate ratios and the coecients of variation (i.e. the standard deviation/mean) were calculated according to standard methods (Balcer-Kubiczek et al., 1996) .
Nucleotide sequencing of cDNA clones
A 40 ml aliquot of the candidate cDNA clone suspension was ampli®ed using T3 and T7 primers (PCR conditions: 25 cycles at 948C for 1 min, 508C for 1 min, and 728C for 3 min). The PCR product was sequenced by the dideoxy termination sequencing method (Sequenase PCR Product Sequencing Kit, Amersham/United States Biochemical, Cleveland, OH). To determine homology with known genes, the determined sequence was submitted via Internet (http://www3.ncbi.nlm.nci.gov) to the NCBI Genbank EMBL database.
The p53 gene status of HL60 and MCF7 WT cells
To assay for the presence of the p53 gene, HL60 and MCF7 WT cells were analysed for the p53 microsatellite marker, (AAAAT) n (Futreal et al., 1991) using methods described by Meltzer et al., 1994 . Genomic DNA was extracted via a commercial kit (Genomix) following the manufacturer's protocol (Washington Biotechnology, Bethesda, MD). The DNA of HL60 or MCF7 WT cells was ampli®ed by PCR using 10 ng DNA template per reaction. The 5'-primer, AAG AGC TGA GAC TCC GTC TC, and 3'-primer, ACA GCT CCT TTA ATG GCA GG, were used (Futreal et al., 1991) . PCR was performed using 0.2 mCi of [ 32 P]dCTP incorporated into a 10 ml reaction mixture. PCR conditions consisted of 33 cycles at 948C for 1 min, 578C for 1 min, and 728C for 2 min. PCR products were denatured in 95% formamide and analysed as described (Meltzer et al., 1994) .
